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Microbial electrosynthesis, an artificial form of photosynthesis, can efficiently convert
carbon dioxide into organic commodities; however, this process has only previously
been demonstrated in reactors that have features likely to be a barrier to scale-up.
Therefore, the possibility of simplifying reactor design by both eliminating potentiostatic
control of the cathode and removing the membrane separating the anode and cathode
was investigated with biofilms of Sporomusa ovata. S. ovata reduces carbon dioxide
to acetate and acts as the microbial catalyst for plain graphite stick cathodes as the
electron donor. In traditional ‘H-cell’ reactors, where the anode and cathode chambers
were separated with a proton-selective membrane, the rates and columbic efficiencies
of microbial electrosynthesis remained high when electron delivery at the cathode was
powered with a direct current power source rather than with a potentiostat-poised
cathode utilized in previous studies. A membrane-less reactor with a direct-current
power source with the cathode and anode positioned to avoid oxygen exposure at
the cathode, retained high rates of acetate production as well as high columbic and
energetic efficiencies. The finding that microbial electrosynthesis is feasible without a
membrane separating the anode from the cathode, coupled with a direct current power
source supplying the energy for electron delivery, is expected to greatly simplify future
reactor design and lower construction costs.
Keywords: microbial electrosynthesis, bioelectrochemical system, Sporomusa ovata, renewable energy storage,
artificial photosynthesis, CO2 sequestration
Introduction
Microbial electrosynthesis shows promise as a strategy for the production of transportation fuels
and other organic commodities from carbon dioxide with renewable electricity as the energy source
(Leang et al., 2012; LaBelle et al., 2014; Rosenbaum andHenrich, 2014). In microbial electrosynthe-
sis, microorganisms accept electrons from a cathode for the reduction of carbon dioxide to organic
compounds that are excreted from the cell (Nevin et al., 2010, 2011; Lovley and Nevin, 2011, 2013;
Marshall et al., 2013b; Rosenbaum and Henrich, 2014). When electrical energy is derived from
solar technologies, microbial electrosynthesis is an artiﬁcial form of photosynthesis that has much
higher potential energetic eﬃciencies and avoids many of the environmental and societal concerns
associated with large-scale biomass cultivation and conversion to fuels (Nevin et al., 2011; Pant
et al., 2011; Desloover et al., 2012; Lovley and Nevin, 2013).
One challenge for commercialization of microbial electrosynthesis is that pure cultures will
likely be required in order to directly produce high-value fuels or other organic commodities.
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Initiating microbial electrosynthesis with mixed cultures yields
systems that produce primarily acetate (Marshall et al., 2012,
2013a,b) and likely can be attributed to the metabolism of
acetogenic microorganisms. Pure culture studies have demon-
strated that a diversity of acetogens can accept electrons from
negatively poised electrodes for the reduction of carbon diox-
ide to acetate with high columbic eﬃciencies (Nevin et al.,
2010, 2011). In order to produce higher value products via
electrosynthesis, it will be necessary to genetically modify aceto-
gens to divert carbon and electron ﬂow to the generation of
other products (Lovley and Nevin, 2013). The development
of a genetic tool box for the acetogen Clostridium ljungdahlii,
and the use of these tools to redirect carbon and electron
ﬂow, suggest that this necessary step in the development of
commercially competitive microbial electrosynthesis can be met
(Leang et al., 2012; Tremblay et al., 2013; Banerjee et al., 2014;
Ueki et al., 2014).
Another major challenge is the design of a robust reactor
for microbial electrosynthesis. To date, microbial electrosyn-
thesis has relied on cathodes that have a potential that is
carefully controlled with a potentiostat. Potentiostat control
was employed in initial studies (Lovley and Nevin, 2013;
Zhang et al., 2013) to maintain cathode potentials that would
prevent production of H2, and to avoid cathode potential ﬂuc-
tuations that might damage cells. Potentiostat control over
large electrode systems is impractical because it is energy
intensive to maintain a ﬁxed potential and the potentiostat
has limited control in large-scale systems (Rosenbaum et al.,
2011).
Another concern is that the anode chamber and cath-
ode chamber in previous microbial electrosynthesis reactors
were separated with a membrane designed to permit ion
ﬂux between the chambers, while restricting oxygen diﬀu-
sion. Oxygen produced at the anode and reaching the
cathode will abiotically consume electrons, reducing reac-
tor eﬃciency. Furthermore, the acetogenic microorganisms
that serve as the catalysts for microbial electrosynthesis are
among the most oxygen-sensitive of microorganisms. Finally,
membranes add substantial cost, and designing large-scale reac-
tors with two chambers separated by a membrane will be
challenging.
The purpose of the study described here was to deter-
mine if microbial electrosynthesis reactors could be
simpliﬁed by removing potentiostat control of the cath-
ode and reconﬁguring the anode and cathode to make
it possible to avoid a separator membrane. The results
suggest that microbial electrosynthesis reactors can be
simpliﬁed in this manner while maintaining high energetic
eﬃciencies.
Materials and Methods
Culturing Techniques in Microbial
Electrosynthesis Reactors
The acetogen Sporomusa ovata was grown on electrons
from an electrode in the cathode chamber of an H-cell
reactor. Unmodiﬁed or control reactors contained graphite
stick anodes and cathodes (65 cm2; Mersen, Greenville, MI,
USA) suspended in two chambers, each containing 200 ml
of modiﬁed DSMZ 311 deﬁned growth medium (betaine,
casitone, resazurin, and yeast extract omitted) media, that
were separated with a Naﬁon 117 cation-exchange membrane
(Electrolytica, Amherst, NY, USA), which had an eﬀective work-
ing area of 6.25 cm2. Reactor modiﬁcations are described
below.
Sporomusa ovata for all experiments was initially grown in
50 mL of modiﬁed DSMZ 311 deﬁned growth medium (yeast
extract omitted) with hydrogen as the electron donor [H2–CO2
(80:20)] in 156 mL serum bottles, as described previously (Nevin
et al., 2011). After the reactors were inoculated (40% v/v, unless
otherwise stated; in same medium), the culture was bubbled with
a gas mixture containing 7% hydrogen [N2–CO2–H2 (80:13:7)]
to help establish a bioﬁlm on the cathode. Fifty percent of the
medium was replaced once acetate concentrations were above
10 mM.
After three media-exchanges in each reactor conﬁguration,
the culture was switched to a diﬀerent gas mixture [N2–
CO2 (80:20)] that contained no hydrogen. After 2 days, the
system was changed from a batch to ﬂow-through process,
where fresh medium was continuously added at 0.02 mL/min.
A direct current power source provided a potential diﬀerence
between the anode and cathode. Cathode potential, current,
and total applied voltage was measured using a digital volt-
meter. The total voltage applied was between 1.9 to 5 V,
depending on the reactor system. Approximately 0.2 mL of
liquid was regularly sampled for acetate measurement and
the headspace of the reactors were sampled periodically to
test for hydrogen production. All reactors were incubated
at 25◦C.
Reactor Schemes
Microbial Electrosynthesis Reactors
Unmodiﬁed reactors were run as controls to compare to the reac-
tors studied with poised cathode potentials and were constructed
as described in Section “Culturing Techniques in Microbial
Electrosynthesis Reactors.” Additionally, two H-cells were run
with an increased applied voltage over the system to boost current
density and to encourage acetate production (Table 1).
TABLE 1 | Summary of reactor designs and experimental program.
Configuration Objective Voltage
delivered (V)
Cathode potential
[V vs. standard hydrogen electrode (SHE)]
H-cells H-cells poised at different cell potentials 3.0, 3.5, 5.0 −0.65, −0.71, −0.74
Abiotic Measure hydrogen production in the absence of microbes 3.5 −0.79
Membrane-less Decrease resistance of the reactors to increase energy efficiency 1.9 to 2.5 −0.70 to −0.81
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FIGURE 1 | Configuration of membrane-less reactors.
Abiotic Reactors
Abiotic reactors were constructed identically to the unmodiﬁed
H-cell reactors. A voltage was applied, and the working side of
the reactor was sampled daily for hydrogen to explore hydrogen
production in the absence of microorganisms (Table 1).
Membrane-Less Reactors
To decrease the internal resistance of our reactors, we constructed
a reactor without a proton exchange membrane. The reactor was
housed in a modiﬁed 1-L pyrex glass media bottle (Corning)
that had three 20 mm serum ports (Figure 1). The cathode and
anode were circular graphite disks, each with a surface area of
1.2 × 10−2 m2 (diameter of 7.6 cm, height of 1.3 cm). A blunt-
end cannula for gassing was placed between the electrodes to
help keep oxygen generated at the anode from diﬀusing down
to the cathode. Initially, the applied voltage to the reactor was
2.5 V, however, this was lowered over the course of the experi-
ment to limit hydrogen production (Table 1). S. ovata culturing
for the membrane-less reactors was as described above, but the
initial inoculation level was lower (∼15% v/v) as there was limited
culture for these larger volume reactors because we maintained
pure culture for inoculum in small volumes (50 mL). During
operation, freshmedia was supplied at a ﬂow rate of 0.01mL/min.
An abiotic control of the membrane-less reactor was performed
but a stable voltage could not be sustained and no acetate was
produced.
Analytical Methods
Acetate was measured via high performance liquid chromatog-
raphy (HPLC). Organic acids were separated on an Aminex
NPX-87H column with 8 mM H2SO4 as the eluent and detected
at 210 nm. Hydrogen was measured by running headspace
samples on an Agilent 6890 gas chromatograph [Carbonex-1010
PLOT capillary column (Supelco); He carrier gas at 12 ml min−1
total ﬂow; oven temperature 40◦C; thermal-conductivity detector
(TCD) temperature 225◦C]. Aqueous phase hydrogen concen-
trations were assumed to be negligible due to stripping by the
continuous gassing and because of the low solubility of H2
gas. Cathode potentials were measured in situ vs. an Ag/AgCl
reference electrode [+0.197 V vs. standard hydrogen elec-
trode (SHE)]. All potentials have been adjusted and reported
versus SHE.
Electron Recovery and Reactor Efficiency
The columbic eﬃciency (CE) was found by comparing the
number of electrons appearing in acetate, based on Eq. 1, to
electrons consumed as current (Eq. 2).
2CO2+ 8e−+ 8H++ 2H2O → CH3COOH + 2O2 (1)
CE (%) = nFmacetate∫ t
0 Idt
× 100% (2)
Where, n is the moles of electrons required to reduce carbon
dioxide to one mole of acetate (i.e., eight electrons), F is
Faraday’s constant (96485 C mol−1), m is the mass of acetate
produced from t0 to t. I is the current delivered to the reac-
tor, which when integrated over time t0 to t yields the total
Coulombs transferred to the system to produce the measured
acetate.
The reactor eﬃciency, ηME, was found by comparing the
energy content of the product (per mol of acetate) to the energy
delivered to the reactor (Eq. 3),
ηME = EoutEin × 100% =
Eacetate
Epotential
× 100% (3)
where Eacetate is the theoretical energy produced from acetate
based on oxidation with oxygen as an electron acceptor
(848 kJ mol−1), and Epotential is the sum of Gibb’s energy of forma-
tion of acetate and the energy required to apply the voltage to the
system based on microbial kinetic parameters which are assumed
to be similar to hydrogen-oxidizing acetogenensis (Rittmann and
McCarty, 2001), and varied depending on the voltage delivered.
For example, at an applied voltage of 1 V, the total Epotential is
991 kJ mol−1.
Results and Discussion
Delivery of Electrons with a DC Power
Source
Previous studies of electrosynthesis have poised the cathode at a
ﬁxed potential with a potentiostat. However, such a poised system
would be diﬃcult to control at a large scale. Therefore, the possi-
bility of delivering electrons to the cathode with a DC power
source was evaluated in ‘H-cell’ reactors similar to those used in
previous studies with potentiostat-poised cathodes (Nevin et al.,
2010, 2011).
The H-cell reactor required that a voltage of 3.0 V or
higher be applied in order to maintain a stable cathode volt-
age. Applied voltages less than 3.0 V yielded a more positive
cathode potential that was closer to the −0.4 V of previ-
ous studies (Nevin et al., 2010, 2011), but at applied voltages
less than 3.0 V made it diﬃcult to maintain a stable cathode
potential.
With applied voltages of 3.0 or 3.5 V (1), S. ovata produced
0.45 and 0.54 mmoles of acetate per day, respectively (Table 2).
These rates are nearly threefold higher than the rates previously
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reported in the same reactors with the cathodes poised at −0.4 V
with a potentiostat (Nevin et al., 2010, 2011). This improvement
in performance may be attributed in part to the fact that the cath-
ode potentials in the DC power source systems (Table 2) were
lower than the−0.4 V potential of the potentiostat-poised system
(Nevin et al., 2010).
In fact, the cathode potentials (−0.65 to −0.73 V) were
theoretically low enough to produce H2. However, no H2 was
detected during microbial electrosynthesis with S. ovata bioﬁlms.
In contrast, in abiotic controls at an applied voltage of 3.5 V,
H2 concentrations measured in the headspace ranged from 200
to 800 ppmv over the 2 weeks trial and the current density
was only slightly less than the current density with S. ovata
bioﬁlms (Figure 2). Therefore, it is possible that S. ovata was
using H2 abiotically produced at the cathode as an electron donor
rather than the direct cathode to microbe electron transfer that
has been experimentally demonstrated in previous studies with
Geobacter species (Gregory et al., 2004) and inferred in previ-
ous studies of microbial electrosynthesis with acetogenic bacteria
(Nevin et al., 2010, 2011). However, the recovery of electrons
consumed in acetate produced with the DC power source systems
(Table 2) was comparable with the previously reported (Nevin
et al., 2010) recovery of 86 ± 21% in the potentiostat-poised
system with more positive cathode potentials. Therefore, even
if H2 was the ultimate electron donor for electrosynthesis in
the DC power source systems, this was of little practical conse-
quence as the S. ovata bioﬁlms were highly eﬀective in scavenging
H2 before it was lost to the gas stream passing through the
reactor.
In order to determine if even higher applied voltages would
be eﬀective in yielding greater rates of acetate production, micro-
bial electrosynthesis in an H-cell reactor with an applied voltage
of 5.0 V was evaluated. As with the lower applied voltages, there
was a steady production of acetate over time (Figure 3) with
rates of acetate production that were approximately double those
obtained with an applied voltage of 3.5 V (Table 2). Recovery of
electrons consumed in acetate was slightly better than with the
lower voltages, demonstrating eﬀective cathode-to-microbe elec-
tron transfer whether or not H2 was an intermediary electron
carrier.
However, the reactor eﬃciency, which is the ratio of the
energy delivered to the reactor to the energy content of the
product (per mol of acetate), decreased as the applied voltage
was increased (Table 2), reﬂecting the greater power require-
ment needed to run reactors at higher voltage. For exam-
ple, the power to provide 5 V was almost three times higher
than for the reactors at 3.0 V. Running reactors at higher
voltage may be acceptable if there is an excess of electric-
ity to be stored, such as with intermittent renewable energy
sources. Otherwise, more conservative voltage schemes might be
desirable.
Membrane-Less Reactor
In order to further simply microbial electrosynthesis reac-
tor design, the possibility of designing a reactor without a
membrane separating the anode and cathode was considered. T
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FIGURE 2 | Coulombs applied and recovered as acetate and acetate production in duplicate (A) and (B) “H-cell” reactors at an applied voltage of 3.5V.
FIGURE 3 | Coulombs applied and recovered as acetate and acetate production in duplicate (A) and (B) of “H-cell” reactors with an applied voltage
of 5 V.
The primary reason for including a membrane in previ-
ous microbial electrosynthesis reactor design was to prevent
oxygen produced at the anode from coming into contact with
the cathode bioﬁlm of S. ovata, which is a strict anaerobe.
In order to diminish the possibility of oxygen ﬂux to the
cathode, the anode was placed at the top of the reactor where
the gas ﬂushing through the reactor would remove oxygen
produced, reducing downward ﬂux of oxygen toward the cathode
(Figure 1).
Sporomusa ovata thrived in the membrane-less reactor,
steadily producing acetate over time (Figure 4). However, at the
initial applied voltage of 2.5 V, 200–400 ppm H2 was detected in
the eﬄuent gas, indicating that S. ovatawas not eﬀectively remov-
ing all of the H2 produced at the cathode. This loss of H2 resulted
in a low recovery of electrons in acetate (∼50%), which is unlikely
to be cost eﬀective. When the applied voltage was lowered to
2.2 V concentrations of H2 were lower (around 150 ppm), but
with a comparable acetate production rate, yielding a better
electron recovery in acetate (Table 2). Further lowering the
applied voltage to 1.9 V eliminated detectable H2 and further
FIGURE 4 | Coulombs applied and recovered as acetate and acetate
production in a membrane-less reactor. The initial applied voltage was
2.5 V, which was reduced to 2.2 V on day 10, and then to 1.9 V on day 22.
These changes in applied voltages are indicated on plot by the vertical lines.
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increased the eﬃciency of electron recovery in acetate (Table 2).
Furthermore, this high CE was accomplished with a very good
recovery of input energy in product (Table 2).
Implications
These results demonstrate that microbial electrosynthesis can
be powered with DC power sources at high columbic eﬃ-
ciencies with good recovery of electrical energy supplied in
organic product with a membrane-less reactor design. DC power
sources are much simpler and inexpensive than poising cath-
odes with potentiostat-controlled systems, which are unlikely
to function eﬀectively with the large cathode surfaces that will
be required in commercial-scale reactors. The ability to eﬀec-
tively shield microbial catalyst and the cathode from oxygen
produced at the anode in the membrane-less system described
here eliminates the substantial costs of eﬀective membranes,
and the technical diﬃculties of designing large reactors with
membranes.
The simpliﬁcation of microbial electrosynthesis with
improved energetic eﬃciency with membrane-less reactors is
expected to provide a foundation for the design of larger-
scale reactors. Next-generation reactor designs should focus
on maximizing cathode surface area with cathode materi-
als optimized to support maximal rates of electrosynthesis
(Zhang et al., 2013).
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